Cell death can be classified into two categories: apoptosis and necrosis. Apoptotic pathway can be either caspase-dependent or caspase-independent. Caspase-independent cytopathic effect (CPE) has been described. In order to evaluate the pattern of HeLa cell death induced by Coxsackievirus B3 (CVB3) and whether apoptosis involves caspase activation, we co-cultivated HeLa cells with CVB3 and detected the cytopathic changes, the alteration of mRNA and protein expression of caspase-3 gene plus caspase-3 activity, as well as analyzing DNA fragmentation before and after caspase-3 activity inhibition. According to the results, we propose that CVB3 may induce apoptosis and necrosis in HeLa cells, the latter appearing much earlier. Caspase-3 is activated at the levels of both transcription and translation, and procaspase-3 is proteolytically cleaved, thus leading to the continuous increasing of both caspase-3 precursor protein and its subunit. However, besides CPE, apoptosis induced by CVB3 is not a direct consequence of the activation of caspase-3, or caspase-3 is not the only effector molecule in apoptotic cell death, for caspase-3 inhibitor can not decrease DNA fragmentation. Some other biochemical mechanisms may participate in the process, whose role weakens the effect of inhibiting caspase-3 activity.
INTRODUCTION
Coxsackievirus B3 (CVB3) is an enterovirus in the family Picornaviridae which is an etiologic agent of many kinds of human diseases that range in severity from non-symptom to lethal infections [1] . Upon entering the cells, translation of CVB3 genome by the host translational machinery produces a single polyprotein. Subsequent autolytic cleavages of the polyprotein generate various structural and nonstrutural proteins that are responsible for the subsequent viral replication and pathogenesis [2] . Pre-vious researches have revealed two types of cell death induced by picornavirus: a violent, rapid necrosis characterized by cytoplasmic swelling, membrane rupturing and organelle dissolution with relatively unremarkable nuclear changes and a more protracted, morphologically distinct apoptosis when cells shrink, dissociate from neighbors, leave their organelles mostly intact but show extensive nuclear fragmentation and expose novel surface molecules for rapid phagocytosis [3] [4] [5] [6] .
Over the past years, a number of studies have added to the data defining the aberrant induction of apoptosis, among which much attention has been paid to caspases, a family of cysteine protease with specificity for aspartic acid residues and play a significant role in the proteolytic cleavage of certain structural and functional proteins which may contribute to the manifestation of the apoptotic pheno-type [7, 8] . Based upon their functions, caspases can be classified into three groups: the first group (caspases 1, 4, 5, 11-14) with a limited role in apoptosis mainly participates in inflammation; the second group (caspase 2, 8-10) as initiators of apoptosis; and the third group (caspases 3, 6, 7) as effectors of apoptosis [9] . Upon receipt of a death signal, a cascade of proteolytic cleavages results in activation of preexisting inactive caspases, which cleave specific substrates such as DNA fragmentation factor (DFF) and poly (ADP-ribose) polymerase (PARP), resulting in apoptosis and corresponding cell morphological & structural changes [10] . Several apoptosis-inducing signals including virus infection have been shown to activate caspases [11] [12] [13] [14] . However, various recent reports indicated the existence of caspase-independent apoptosis [15] [16] [17] [18] . Carthy et al observed the alteration of the amount of caspase-3 protein and its proteolytical activity as well, following co-cultivating HeLa cells with CVB3. The results suggested that caspase activation and cleavage of substrates may not be responsible for the characteristic cytopathic effect produced by picornavirus infection [19] . But they did not elucidate the relationship between caspases and apoptosis other than cytopathic effect (CPE), which is determined only by morphological observation with contrast microscopy.
In order to further clarify the forms of cell death after CVB3 infection of cells, along with whether caspases are involved in the process of cell death, we detected cytopathic changes of HeLa cells, measured changing of caspase-3 at the levels of transcription and translation, and analyzed DNA fragmentation before and after caspase-3 activity inhibition, expecting to have a better understanding of the mechanisms of cell death induced by picornavirus.
MATERIALS AND METHODS

Cells and viral infection
HeLa cells were cultivated in RPMI 1640 with 10% fetal calf serum and propagated at 37 o C-5% CO 2 in humidified chamber, and then were co-cultivated with Coxsackievirus B3 (TCID50= 10
) maintained by our laboratory for 1 h. Cells were then washed with phosphate buffered saline (PBS), and RPMI 1640 with 2% fetal calf serum was substituted. Cultures were observed by phase contrast microscopy and harvested at 0, 1, 6, 12, 18, 24, 30, 36, 42 h postinfection in different ways according to different objectives.
Electron microscopy
Cells were washed with PBS and fixed in glutaraldehyde followed by osmium tetroxide, dehydrated in graded ethanols, and embedded in Spurr resin. Ultrathin sections were counterstained with uranyl acetate and lead citrate before examination under the electron microscope.
Fluorescence activated cell sorting (FACS) and detection apoptosis Cells were digested by 0.05% trypsin, washed with PBS, and fixed in 70% ethanol at 4 o C Following filtration, cells were stained by propidium iodide (PI) containing 100 g/ml RNase and detected of apoptosis by FACS.
RT-PCR
RNA was isolated from cells using TRIZOL reagent (GIBCOBRL, Life Technologies) in accordance with the protocol provided by the manufacturer. Then, the reverse transcription (RT) reaction for synthesis of cDNA was performed, using a 18-mer oligod(T) primer (Sangon) and moloney murine leukemia virus reverse transcriptase (MBI Fermentas). The reverse transcription product was then used as a template for PCR using two specific primers and two GAPDH primers as follows: (i) Specific primers (Ref. 
Western blot analysis
Protein was isolated from cells using TRIZOL reagent and then subjected to SDS-PAGE. Resolved proteins were electrophoretically transferred to cellulosenitrate membrane (Schleicher and Schuell). The membrane was incubated in PBS containing 5% nonfat dry milk for 2 h at room temperature, and then incubated with a rabbit polyclonal antibody (1:200 dilution) against caspase-3 (Santa Cruz Biotechnology, Inc.) in the same buffer for 2 h at 4 o C. Then, the membrane was thoroughly washed in a buffer containing 150 mM NaCl and 50 mM Tris (pH 7.5), followed by incubating in the same buffer containing 5% nonfat dry milk and anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Inc.) diluted at 1:400 for 1 h at room temperature. After incubation, the membrane was then washed in the same buffer and developed with a solution of 3, 3 -Diaminobenzidine (DAB).
Assay of caspase-3 activity with ApoAlert Caspase-3 Colorimetric Assay Kit (Clontech) 2 10 6 cells were counted and centrifuged at 400 g for 10 min, resuspended in 50ml of chilled cell lysis buffer, and then incubated on ice for 10 min. Cell lysates were centrifuged at 12000 g for 3 min at 4 o C to precipitate cellular debris. 50 l of 2 reaction buffer/DTT Mix and 5 l of 1 mM Caspase substrate DEVD-pNA were added to each transferred supernatant. The samples were incubated at 37 o C for 1 h in a water bath, and then were read at 405 nm in a microplate reader.
Inhibition of caspase-3 activity 20 M caspase-3 inhibitor DEVD-fmk (clontech) was incubated with HeLa cells for 2 h prior to infection of CVB3. After CVB3 infection, the cells were washed with PBS, and RPMI 1640 containing 10% fetal calf serum and fresh DEVD-fmk were substituted. Cells were collected at different times, and then were assayed of caspase-3 activity, as well as detected of apoptosis by FACS.
RESULTS
Cell death pattern in CVB3-infected HeLa cells
From 6 h postinfection by CVB3, distinct morphological changes had occurred in some of the cells when the cells condensed and rounded, with more granules appearing, and finally released from the monolayer (Fig 1) . From 6 h postinfection by CVB3, pathological changes had begun to appear in some of the cells, with dissolved cytoplasm, broken or ganelles, and ruptured membrane. CVB3 just as sembled could be seen. As time went by, more and more cells degenerated. By 24 h postinfection, many cells showed morphological evidence of apoptosis, such as shrinked cells, distorted nucleus with condensed chromatin, reserved organelles, intact membrane, and sometimes apoptotic bodies appearing in the neighborhood (Fig 2) . This result suggests that CVB3 may induce apoptosis and necrosis in HeLa cells, and the latter appears much earlier.
Little apoptosis was detected by FACS between 0 and 12 h postinfection, while distinct subdiploid peak could be seen by 24 h postinfection, with the proportion of apoptotic cells reaching 23.96%. As time went by, the proportion of apoptotic cells increases, till achieving 54.85% by 42 h postinfection (Fig 3a) . In cells pre-incubated with DEVD-fmk, no distinct difference was found in detecting apoptosis by FACS (Fig 3b) . 
Caspase-3 expression in CVB3-infected HeLa cells
Between 0 and 6 h postinfection, caspase-3 mRNA synthesis detected by RT-PCR increased rapidly, reaching a peak value, and then gradually fell approaching the level before the infection (Fig  4) . The PCR product of 306bp was verified to be the same as caspase-3 cDNA by direct sequencing (data not shown). Western-blot analysis showed that within 42 h postinfection, the 32 kD precursor protein of caspase-3 gradually increased its expression, so did its 20 kD subunit (Fig 5) . 
Caspase-3 activity in CVB3-infected HeLa cells
Caspase-3 activity increased at early stage of postinfection, and then returned to basal levels at longer periods of infection. In cells pre-incubated with DEVD-fmk, the cleavage of the substrate DEVD-pNA was partially prevented (Fig 6) .
DISCUSSION
Apoptosis is a genetically controlled programmed event in response to a variety of physiological and non-physiological stimuli, inclusive of virus infection [20] . In the case of virus-infected cells, the early programmed cell death, comprising the induction of cellular endonucleases, could target replicating viral DNA and prevent virus production at a very early stage, thus limiting virus production and reducing spread of progeny virus. Many viruses have evolved genes encoding proteins that effectively suppress or delay apoptosis for the production of progeny, in addition to inducing apoptosis actively at late stages of infection. This process may be propitious to the spread of progeny to neighboring cells and protecting progeny virus from host immune responses [21] . In our research, we detected HeLa cell death after infecting the cells with CVB3 and found that although the cells showed visible morphological alteration signifying necrosis in the early stage of postinfection, evident apoptosis occurred only 24 h after the cocultivation. This result suggests that besides producing many proteins to induce apoptosis, CVB3 may also evolve the strategy of delaying apoptosis, thus facilitating its own replication. As for the early stage of morphological alterations consistent with CPE, Carthy et al proposed that they might result from the cleavage of specific structural proteins by viral proteases 2A, 3C, and 3CD [19] .
Having established that CVB3 induces apoptosis in HeLa cells, we attempted to determine whether this effect was caspase mediated. Caspase-3 exists in cytoplasm in the form of zymogen with an Mr of 32 kD. Once activated, it is proteolytically cleaved into two polypeptides with Mr of 20 and 11 kD. Two p20/p11 heterodimers associate with each other to form the active caspase-3 tetrameric complex [22] . In this study, the expression of caspase-3 gene in CVB3-infected HeLa cells was detected at the transcription and translation levels respectively. Within 42 h after the infection, the protein expression of pro-caspase3 gradually increased, so did its p20 subunit (Fig 5) . The protein expression of caspase-3 gene is high enough to redeem the loss of precaspase-3 resulting from proteolytic cleavage. Thereby we could see from the result that the protein expression of precaspase-3 was continually increasing along with that of its cleavage product. This result is different from that of Carthy et al, who demonstrated that the level of the 32 kD precursor protein began to diminish between 7 and 8 h postinfection and was almost completely undetectable by 12 h [19] . Our result of Western blot was consistent with the case of caspase-3 mRNA expression (Fig 4) , which rapidly increased, reaching a peak value 0 to 6 h postinfection, and then dropped off approaching the level before the infection, indicating that rapid mRNA expression of caspase-3 occurs at early phase of postinfection of CVB3. It needs several hours for gene expression to start from transcription and translation up to playing the role of cleaving substrates, thus explaining our observation that the maximum caspase-3 activity and obvious apoptosis appeared by 24 h postinfection, while caspase-3 mRNA reached the peak value early between 0 and 6 h. These results seem to suggest the involvement of casapse-3 in apoptosis induced by CVB3. During the late phase of postinfection, the protein level continuously increases (Fig 5) , while the activity of Caspase-3 tend to play down (Fig 6) , probably due to the loss of enzyme activity. However, the decreasing activity of Caspase-3 can not explain the continually increasing DNA fragmentation detected by FACS (Fig 3) , suggesting complexities in the process.
In order to clarify whether Caspase-3 activity directly results in the apoptosis in HeLa cells, or the activation of caspase-3 is a concomitant of apoptosis, we detected apoptosis by FACS in cells pre-incubated with Caspase-3 inhibitor. Beyond our expectation, although DEVD-fmk did partially inhibit Caspase-3 activity, the results of apoptosis detected by FACS had no distinct difference with those under the condition that Caspase-3 activity was not inhibited. Such outcome, with in-depth evidence of DNA fragmentation compared with morphological changes observed by Carthy et al, suggests that not only CPE, but apoptosis induced by CVB3 is not a direct consequence of the activation of caspase-3, or caspase-3 is not the only effector molecule in apoptotic cell death. This result is different from many previous observations which determined that DNA fragmentation during apoptosis is dependent on caspase activation [6, 18, 23, 24] , but agrees with Izban et al, who found the caspase-independent apoptosis in Hodgkin and Reed-Sternberg cells, also utilizing DNA fragmentation as the criterion for the determination of apoptosis [25] . Some other biochemical mechanisms may participate in the process, whose role weakens the effect of inhibiting caspase-3 activity. Petit et al found the crucial role for mitochondria in the regulation of cell death. The loss of mitochondrial membrane potential is associated with the release of cytochrome c and AIF, a flavoprotein, reported to directly cause chromatin condensation in isolated nuclei and participate in caspase-independent programmed cell death [18] . An AIF homologous protein AMID was also determined to induce a caspase-independent apoptotic pathway [26] . Moreover, the study of AIF knockout mice suggests the existence of another cell death pathway independent of caspases and AIF [27] . Additionally, granzyme B is reported to mimic the cleavage specificity of the caspase family of pro-apoptotic cysteine proteases, thus permitting it to activate the generic cell suicide pathway present in virtually all cells [28, 29] . Further investigation should be made to find out which pathway CVB3-induced apoptosis adopts.
In conclusion, the present study demonstrates the characteristic changes of necrosis and the poste-rior apoptosis existing in HeLa cells infected with CVB3. The apoptosis touches upon the expression of caspase-3 and the activation of precaspase-3, but may be not the direct result of them, or may be the result of numerous elements inclusive of them. Further experiments should be done to explore other factors participate in the signaling transduction pathway of apoptosis.
